A theory of spin and charge transport properties between ferromagnets and dwave superconductors is presented. We present a formulation which gives the spin current as well as the charge current as a function of the applied voltage and the spin-polarization of the ferromagnet for arbitrary barrier heights. It is shown that the surface bound states do not contribute to the spin current. Also we clarify several anomalous properties of the Andreev reflection at the interface due to the presence of an exchange field.
The transport properties in hybrid structures between ferromagnets and superconductors have received considerable theoretical and experimental attention. Interest in such structures includes spin-dependent spectroscopy of superconductors and possible device applications. Since the Cooper pairs in spin singlet superconductors are formed between up and down spins, the high density of spin injection by ferromagnet/insulator/superconductor (F/I/S) tunnel junctions induces a spin imbalance. This non-equilibrium state is expected to result in a suppression of the critical current density in the superconductor. A large number of experimental studies of spin-polarized tunneling have already been performed using conventional metal superconductors such as Al and Nb about 20 years ago [1] . However, the recent discovery of CMR in Mn oxides compound has aroused new interest in this field [2, 3] , because hybrid structure fabrication of the spin-polarized ferromagnets with high-T c superconductors is now possible using these materials [4] .
On the other hand, the properties of F/I/S junctions have been analyzed based on the assumption that the conductance spectra correspond to the density of states (DOS) of the superconductor weighted by the spin polarization [1] . A theory based on a scattering method has been presented by de Jong and Beeneker, and new aspects of Andreev reflection were revealed [5] . However, these results are restricted to isotropic s-wave superconductors. Recently, another formulation for the charge current has been presented by Zutic and Valls [6] . However, as we argue, their formulation does not describe completely the Andreev reflection process and hence their results are only qualitatively correct.
In this paper, we present a calculation of the transport properties of F/I/S junctions where the superconductor has BCS-type d x 2 −y 2 -wave symmetry. In contrast to s-wave superconductors, at the interface of a d x 2 −y 2 -wave superconductor, zero-energy states (ZES) are formed due to the interference effect of the internal phase of the pair potential [7] . Tunneling theory for d x 2 −y 2 -wave superconductors has already been presented by extending the BTK formula [8] to include the anisotropy of the pair potential [9, 10] . The theory predicts the existence of a zero-bias conductance peak (ZBCP) which reflects the formation of the surface bound states on the anisotropic superconductors. Here we will introduce an exchange interaction to the normal side in order to describe the spin polarization in the ferromagnet. Novel properties in the Andreev reflection [11] are predicted based on our model. Furthermore, we will present a method to calculate the spin current as well as the charge current for arbitrary barrier heights. The present results make explicit predictions for the conductance of F/I/S junctions and give direct criteria to estimate the effect of the spin imbalance induced by the tunneling current. The formulation for triplet superconductors has been presented in another publication [12] .
For the calculation, a planar F/I/S junction with semi-infinite electrodes in the clean limit is assumed. A flat interface is assumed to be located at x = 0, and the insulator is described by a potential V (x) {V (x) = Hδ(x)}, where δ(x) and H are the δ-function and its amplitude, respectively. The effective mass m in the ferromagnet and in the superconductor are assumed equal. For the model of the ferromagnet, we adopt the Stoner model where the effect of spin polarization is described by the one-electron Hamiltonian with an exchange interaction similarly to the case of Ref. [5] . For the description of the d x 2 −y 2 -wave superconductor, we apply the quasi-classical approximation where the Fermi energy E F in the superconductor is much larger than the pair potential following the model by Bruder [13] . The effective Hamiltonian (Bogolivbov-de Gennes equation) is give by
Here, E is the energy of the quasiparticle, U(x) is the exchange potential given by UΘ(−x) 
, respectively [5] . We assume the quasiparticle injection of spin-up with angle θ N to the interface normal as shown in Fig. 1 . Four possible trajectories exist; they are Andreev reflection (AR), normal reflection (NR), transmitted to superconductor as electron-like quasiparticles (ELQ), and transmitted hole-like quasiparticles (HLQ). Due to the d x 2 −y 2 -wave symmetry in the superconductors, the effective pair potentials for ELQ and HLQ are given by ∆ + ≡ ∆ d cos 2(θ S −β) and ∆ − ≡ ∆ d cos 2(θ S + β), respectively, where β is the angle between the a-axis of the crystal and the interface normal [9, 10] . The wave vectors of ELQ and HLQ are approximated by
following the model by Andreev [11] . Since translational symmetry holds for the y-axis direction, the momentum components of all trajectories are conserved (k N,↑ sin θ N = k N,↓ sin θ A = k S sin θ S ). Note that θ N is not equal to θ A except when U = 0, which means the retro-reflectivity of Andreev reflections is broken [14] . Such novel behavior is a consequence of the fact that the BCS paring is formed not strictly between states of equal but opposite k-vectors in the presence of an exchange field, the so-called Fulde-Ferrell effect [15] . The wave-function in the ferromagnet (x < 0) for spin-up [down] with injection angle θ N is described by
where the signs of the x-components of k N,↑[↓] and k ′ N,↑[↓] are reversed with respect to each other. The reflection probabilities of the two processes are obtained by solving Eq. (1) and by connecting the wave-function and its derivative at x = 0.
Next, we will simply explain the Fermi surface effect by assuming spin-up injection. Various kinds of reflection processes are expected depending on the values of E F N , E S and U. For example, when [6, 10] . On the other hand, when k N,↓ < k S < k N,↑ is satisfied, the x-component of the wave-vector in an AR process becomes imaginary for sin −1 (k N,↓ /k N,↑ ) < θ N < sin −1 (k S /k N,↑ ). In this case, the Andreev reflected quasiparticles do not exist as a propagating wave. However, a finite amplitude of the evanescent AR process exists and it contributes to the transfer of quasiparticles from the ferromagnet to the superconductor. This "virtual Andreev reflection" (VAR) is a peculiar feature of an F/S interface [16] .
In the following, let us consider a situation where k N,↓ < k N,↑ < k S is satisfied. To analyze the transport properties of an F/I/S junction, two kinds of conductance spectrum are introduced. The conductance for the charge current is defined by the charge flow induced by the spin-up [down] quasiparticle injection, which is given by [8, 16] 
The conductance for the spin current is defined by the spin imbalance induced by the spin-up [down] quasiparticle injection [16] ,
The Andreev reflected quasiparticles contribute positively to the charge current, but since their spins are reversed, they have a negative contribution to the spin current. The normalized total conductance spectra for the charge current σ q (E) and the spin current σ s (E) are given by
where
The numerators of σ q (E) and σ s (E) correspond to the conductance when the superconductor is in the normal state.
Let us discuss several analytical results obtained from the above formulation. When U = 0, the ferromagnet reduces to a normal metal, and as expected σ q (E) reproduces the results in Ref. [10] , and σ s (E) vanishes. For half-metallic ferromagnets (U = E F N ), the Fermi-surface for the spin-down has shrunk to zero. In this case, the VAR process occurs for all θ N , and σ q (E) = σ s (E). This corresponds to the fact that the tunneling current is completely spin-polarized. In the tunneling limit (H → ∞) and in the absence of VAR, σ q,↑[↓] (E, θ) gives the angle resolved surface DOS of an isolated d x 2 −y 2 -wave superconductor. Then σ q (E) converges to the surface DOS weighted by the tunneling probability distribution [10] . On the other hand, σ s,↑[↓] (E, θ) reduces to a function similar to the surface DOS, but where the divergence at the energy levels of the surface bound states is missing.
Finally, the calculated results based on the above formulas are presented for several cases. Figures 2 and 3 show the conductance spectra of charge current for the transparent limit (Z 0 = 0, β = 0) and high-barrier case (Z 0 = 5, β = π/4) as a function of exchange interaction X(≡ U/E F N ). For X = 0, results in Ref. [9] are reproduced. However, as X increases, the conductance inside the gap (| E |< ∆ d ) is largely reduced for both cases. In particular, the ZBCP disappears for the half-metallic ferromagnet case (X ≈ 1). Since the spin-polarization has a quite drastic influence on the ZBCP, the height of the ZBCP can be used in principle as a measurement of the magnitude of the spin polarization. Figure 4 shows the difference of the spin current and the charge current when X=0.7, Z 0 = 5 and β = π/4. It is clear that the ZBCP is not present for the spin current. This corresponds to the fact that the charge current components corresponding to the ZES are carried by condensed Cooper pairs in the superconductor, and therefore they do not contribute to the spin imbalance. As a result, the spin current becomes relatively insensitive to the orientation of the junctions. Figure 5 shows the conductance spectra for the spin current as a function of spin polarization and crystal orientation (Z 0 = 5). It is clear that the spin current increases as X becomes larger. Note that σ s (E) has clear peaks at E = ±∆ d when β = 0. This corresponds to the fact that the peaks in the DOS have an influence even for the spin current.
In this paper, the conductance spectra for the charge and the spin currents have been calculated for F/I/S junctions. The influence of the spin polarization on the transport properties has been clarified. It is shown that the retro-reflectivity of the standard Andreev reflection process is broken in the presence of an exchange field and that the surface bound states due to superconducting pair potentials do not contribute to the spin current. In the present model, we have neglected the effects of spin-orbit scattering and the non-equilibrium properties of superconductors. Inclusion of these effects will be necessary for a complete theory. Also, we have simplified the model by assuming BCS-type d-wave superconductors. However, noticeable differences between present theory and experiments are expected in the underdoped region of high-T c superconductors. We believe that the clarification of this point in experiments will improve the understanding of the microscopic properties of high-T c superconductors.
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FIG. 3. The normalized conductance spectra for the charge current σ q (E) as a function of X with E F N = E F S , β = π/4 and Z 0 = 5. As X becomes larger, the height of the ZBCP is largely reduced.
FIG. 4. The comparison between the normalized conductance spectrum for the charge current σ q (E) and that for the spin current σ s (E) when X = 0.7, E F N = E F S , β = π/4 and Z 0 = 5. Since the ZBCP originates from the current carried by the surface bound states, the peak disappears for the spin current.
FIG. 5. The normalized conductance spectra for the spin current σ s (E) as a function of X with E F N = E F S , β = 0 or π/4 and Z 0 = 5. As X becomes larger, the spin current is monotonically increased. Note that the peaks at E = ±∆ d are clearly seen when β = 0. 
